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The adipocyte-secreted protein adiponectin is associated with 
insulin sensitivity in observational studies. We aimed to evaluate 
whether this relationship is causail using a Mendelian randomi- 
zation approach. In a sample of Swedish men aged 71 years (n = 
942) from the Uppsala Longitudinal Study of Adult Men (ULSAM), 
insulin sensitivity (M/I ratio) was measured by the euglycemic 
insulin clamp. We used three genetic variants in the ADIPOQ 
locus as instrumental variables GVs) to estimate the potential 
causal effect of adiponectin on insulin sensitivity and compared 
these with results from conventional linear regression. The three 
ADIPOQ variants, rsl7300539, rs3774261, and rs6444175, were 
strongly associated with serum adiponectin levels (all P ^ 
5.3 X 10"^) and were also significantly associated with M/I ratio 
in the expected direction (all P £ 0.022). IV analysis confirmed 
that genetically determined adiponectin increased insulin sensi- 
tivity (P = 0.47-0.81, all P < 0.014) comparable with observa- 
tional estimates (p = 0.50, all /^difference — 0.136). Adjustment 
for BMI and waist circumference partly explained the association 
of both genetically determined and observed adiponectin levels 
with insulin sensitivity. The observed association between higher 
adiponectin levels and increased insulin sensitivity is likely to 
represent a causal relationship partly mediated by reduced adi- 
posity. Diabetes 62:1338-1344, 2013 




Adiponectin is the most abundantly secreted 
protein by w^hite adipose tissue. Unlike most 
other adipokines, it has a weU-known inverse 
relationship with adiposity and risk of type 2 
diabetes (1-3). hisulin resistance is a major link between 
excessive adiposity and the development of type 2 dia- 
betes, and murine studies have demonstrated that adipo- 
nectin exerts an insulin-sensitizing effect (4-6). Although 
adiponectin is also inversely associated with insulin 
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resistance in himian populations (7-9), it remains unclear 
whether this represents a causal relationship (10). 

Mendelian randomization is a method that uses genetic 
variants [irvstrumental variables (IVs)] as robust proxies 
for an environmentally modifiable exposure to assess and 
quantify potential causal relationships with health out- 
comes (11,12). Because genotypes that influence adipo- 
nectin levels are assigned at conception, they are unlikely 
to be related to confounders such as lifestyle, socioeco- 
nomic and environmental risk factors, or reverse causa- 
tion. Given sufficient power and carefully selected genetic 
variants that have robust association with adiponectin 
levels, a Mendelian randomization study has the potential 
to help disentangle adiponectin as cause or consequence 
of insulin sensitivity. Thus far, there is to our knowledge 
no such existing study. 

Genome-wide linkage scan and association studies have 
revealed a few loci that affect the circulating level of adi- 
ponectin (13). Among them, ADIPOQ, which encodes for 
the adiponectin protein, is by far the most established lo- 
cus, with many studies demonstrating its robust and strong 
association with adiponectin levels (7,14-16). With no 
known pleiotropic effect, ADIPOQ variants presumably 
fulfill the key assvimptions of a Mendelian randomization 
design (Fig. 1), and therefore they are good candidate 
instruments for a Mendelian randomization study with 
adiponectin as the exposure variable. 

The aim of our study was to use single nucleotide poly- 
morphisms (SNPs) in ADIPOQ that are reUably associated 
with serum adiponectin levels as IVs to elucidate the po- 
tential causal effect of adiponectin on insulin sensitivify 
measured by euglycemic insulin clamp in nondiabetic men 
in a population-based cohort. 

RESEARCH DESIGN AND METHODS 

Study sample. The Uppsala Longitudinal Study of Adult Men (ULSAM) was 
initiated between September 1970 and September 1973 with an invitation to all 
men aged 50 years living in Uppsala County, Sweden. The sample used for this 
study comes from the third investigation, during 1991-1995, when the subjects 
were aged -71 years. A total of 1,221 men (73% of those invited, i.e., men still 
alive and residing in Uppsala County) participated, and the examination in- 
cluded a medical questionnaire, blood pressure and anthropometric mea- 
surements, collection of blood samples, a 75-g oral glucose tolerance test, and 
insulin sensitivity measurements. Detailed information can be found at the 
cohort website (http://www.pubcare.uu.se/ulsam/). 

Of the 1,221 participants, 199 were excluded for the following reasons: 
unavailable clamp data (n - 61), unavailable measurement of adiponectin (n = 
15), or presence of type 2 diabetes [defined as fasting glucose >7.0 mmol/L 
(>126 mg/dL) or use of antidiabetes medication (n - 123)]. Of the remaining 
1,022 participants, genotypes were available for 943 participants, and after 
exclusion of 1 person with missing genotypes in > 1 of the 16 ADIPOQ SNPs, 
942 participants were eligible for the final analysis. The study was approved by 
the ethics committee of Uppsala University, and all participants provided 
written informed consent. 
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FIG. 1. Hypothetical model for the relationship between ADIPOQ, 
adlponectln, and insulin sensitivity. This paradigm Illustrates the key 
relationships In the study of the influence of adlponectln on insulin 
sensitivity using a Mendelian randomization design. Solid arrows rep- 
resent causal Influences that are expected, and dotted arrows are 
causal influences that are assumed not to exist. Genetic variants from 
the ADIPOQ gene are used as IVs based on three main assumptions: 1 ) 
The IVs are robustly associated with the exposure of Interest, i.e., 
adlponectln levels; 2) the IVs are Independent of confounders for the 
association between adlponectln and Insulin sensitivity in observa- 
tional studies; and the IVs are Independent of the outcome insulin 
sensitivity given adlponectln levels and the confounders. Moreover, we 
hypothesize that part of the effect of adlponectln on Insulin sensitivity 
is mediated by adiposity, which is represented by BMI and waist 
circumference. 



Adlponectln and Insulin sensitivity measurements. Serum adiponectin 
was measured in plasma samples frozen at -70°C for 11 ±2 years without 
previous thaw-freeze cycles and using a validated in-house time-resolved 
immunofluorometric assay with reagents from R&D Systems (Abingdon, U.K). 
The intra- and interassay coefficient of variation averaged <5 and 10%, re- 
spectively, as previously described in detail (17). 

In vivo sensitivity to insulin was determined by the euglycemic insulin 
clamp, according to the procedure described by DePronzo et al. (1979) (18), 
but with a higher insulin infusion rate per body surface area to better suppress 
liver glucose output [56 instead of 40 mU ■ min~' (m^~']. After a primary 
dose in the initial 10 min, continuous infusion of insulin lasted for 110 min and 
hepatic glucose production was assumed to be entirely suppressed. Glucose 
disposal (M) was calculated as the total amount of glucose infused during the 
last 60 min (the steady state) of the clamp divided by kilograms body weight 
and minutes. The insulin sensitivity index (M/I ratio) was derived by dividing 
M by the steady-state mean insulin concentration (7). M/I thus represents the 
amount of glucose metabolized per unit of plasma insulin and was given as 
100 X mg • kg"^ • min"' • mil"' ■ L. 

Grenotypes and IVs. The ULSAM cohort has undergone prior genotyping on 
the Human CardioMetabo beadchip (19), which is designed to interrogate 
200,000 markers of interest for cardiovascular and metabolic diseases. Of the 
1,221 individuals who underwent genotyping, we removed those with a geno- 
typing call rate <0.99 (n = 5), failing sex check (n = 1), close relatedness (w = 
36), or large heterozygosity (n = 7). Quality control also ensured that all SNPs 
had good call rate (>0.99) and did not deviate from Hartly-Weinberg equilibrium 
(P > 1 X Vi~\ In total, genotypes of 183,357 SNPs were available for 1,175 
individuals, of whom 942 were eligible for the current study (see above). 

We searched the genomic region ±50 kb of the ADIPOQ gene based on 
Human Genome build 36 and identified 16 SNPs that were present on the 
Metabochip. Their associations with serum adiponectin in the ULSAM cohort 
were examined by linear regression under an additive genetic model adjusting 
for age. Pairwise linkage disequihbriums (LDs) were then assessed with in- 
formation from the HapMap2 release 22 CEU panel, and SNPs in moderate LD 
(r^ > 0.5) were assigned to the same LD block. Of the SNPs that were sig- 
niflcantiy associated with adiponectin, we selected rsl7300539 and rs3774261, 
which were the top associated SNPs in their respective LD block as IVs. Since 
rs6444175 only showed intermediate LD = 0.506) with rs3774261, this 
variant was evaluated as an instrument in separate analyses (but not in the 
genotype score). We excluded rs864265 (P = 0.02) for further analyses, which 
was from another LD block, because its association with adiponectin has not 
been consistent in previous studies. Moreover, a Filipino study found the as- 
sociation between this SNP and adiponectin to be mediated by R221S, a rare 
variant affecting immunoassay binding affinity with artificially low adiponectin 
levels as a consequence (20). 

To maximize the power of our study, we further generated an allele score 
from rsl7300539 and rs3774261 (r^ = 0.137) by adding up the number of effect 
alleles and dividing the sum by the total copies of aUeles, resulting in a range 
from 0 to 1. Thus, we had three single SNPs and one allele score as IVs of 
serum adiponectin for subsequent Mendelian randomization analyses. 



Statistical analysis. Adiponectin and insulin sensitivity index (M// ratio) were 
natural log transformed to achieve normality. Values with a distance of >4 SD 
from the mean were truncated to ±4 SD, respectively, to avoid effects of 
outliers on the effect estimates (did not occur for insulin sensitivity or adi- 
ponectin; four, five, and three values were truncated for age, BMI, and waist, 
respectively). 

The observed effects of adiponectin on M/I ratio, as well as effects of IVs on 
M/I ratio, were obtained by linear regression under additive genetic models 
with adjustment for age. In further analyses, BMI and waist residual, which is 
the BMI-a4)usted waist circumference, were included as covariates into the 
model to evaluate effects independent of adiposity. To test the linearity of the 
relationship between adiponectin and insulin sensitivity, we examined the 
residual plots after the multivariate linear regression. Furthermore, cubic 
spline curves were plotted to visualize the degree of deviation from linearity. 

IV analysis was then performed using a two-stage least squares approach 
with the STATA package ivreg2. In brief, the first stage was a conventional 
linear regression assessing the association between the SNPs and serum adi- 
ponectin. The predicted value of adiponectin from the model was saved and 
used as an independent variable in the second stage, where the dependent 
variable was insulin sensitivity index (M/I ratio). This p coefficient, or the IV 
estimate, reflects an unconfounded effect of genetically determined adipo- 
nectin level on insulin sensitivity. Endogeneity, or the difference between the 
IV estimate and the observed effect size, was examined by a Durbin-Wu- 
Hausman test implemented in the package. The percentage of change in 
insulin sensitivity with oc% increase in adiponectin estimated by each in- 
strument was calculated as follows: [(1 + ofHi)^ — 1] X 100%, where p is the 
corresponding IV estimate. To test the generalizability of our results, we 
performed secondary analyses including the 123 individuals with type 2 di- 
abetes. In order to examine potential effect modification by adiposity, we 
conducted a BM-stratifled analysis by defining overweight using the median 
BMI level in our sample (BMI >25.7 kg/m^). 

Data were analyzed using Stata/IC (version 12.1; StataCoip, College Station, 
TX). Two-sided P values <0.05 were considered significant 



RESULTS 

Characteristics of the study participants are summarized in 

Table 1. 

Association between the instruments and serum 
adiponectin. Table 2 shows the 16 ADIPOQ SNPs avail- 
able on the Metabochip and their associations with adi- 
ponectin levels in the ULSAM cohort. Based on LD 
structure, they were assigned to 11 different blocks. Ex- 
cluding rs864265, seven SNPs belonging to two different 
LD blocks showed highly significant associations with se- 
rum adiponectin (all P < 4.8 X 10"'^). The three SNPs 
chosen as IVs, namely, rsl7300539, rs3774261, and 
rs6444175, were all strongly associated with adiponectin 
levels (P = 1.1 X 10"^°, 1.3 X lO"'', and 5.3 X 10"^, re- 
spectively). As expected, the allele score generated from 
rsl7300539 and rs3774261 was even more strongly asso- 
ciated with adiponectin level (P - 1.2 X 10"^"^) compared 
with each of the single ADIPOQ SNPs. The instruments 
explained between 3.5 and 6.0% (rsl7300539, 4.3%; 
rs3774261, 3.8%; and rs6444175, 3.5%; all three SNPs 
combined: 6.0%) of the total variance in adiponectin levels. 
Association between the instruments and insulin 
sensitivity. All of the IVs including the three ADIPOQ 
SNPs and the allele score were significantly associated 
with insulin sensitivity represented by the M/I ratio (P ^ 
0.022 for all SNPs and P = 8.0 X 10"^for the allele score) 
(Supplementary Table 1). Adjustment for adiposity repre- 
sented by BMI and waist residual weakened these associ- 
ations, but some of the instruments remained significantly 
associated with the M/I ratio (rs6444175, P = 0.011; allele 
score, P = 0.042). 

IV analysis of the effect of adiponectin on insuUn 

sensitivity. To examine the potential causal effect of 
adiponectin on insuUn sensitivity in an IV analysis, we 
assessed the first-stage F statistic in which an empirical 
value >10 indicates sufficient strength of the genetic 
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ADIPONECTIN AND INSULIN SENSITIVITY 



TABLE 1 



Characteristics of the study participants (n = 942) 



Age (years) 


71.0 (0.59) 


oivii (^Kg/in j ^^^^ 


^^^^ Zo.U (^o.Z4j 


Waist circumference (cm) 


94.0 (9.17) 


LDL (mmol/L) ^1^^^^^^^^^^^ 


3.92 (0.88) 


xlUL (mmol/L) 


1 of\ /'A o^c^ 
l.oU (U.ooj 


Total cholesterol (mmol/L) 




Fasting glucose (mmol/L) 


5.38 (0.56) 


Fasting insuUn (mlJ/L) 


11.00 (7.80-14.90) 


Insulin sensitivity M/I ratio 




HOMA-IR 


2.57 (1.82-3.62) 


[■'i 1 ■! fatty acids (mmol/L) |^^^^^| 


0.48 (0.38-0.59) 


Triglycerides (mmol/L) 


1.23 (0.92-1.65) 



Data are means (SD) or median (interquartile range). *M/I ratio was 
defined as total glucose disposal per kilograms body weight per min- 
ute divided by mean insulin concentration under a steady state (last 
60 min of the euglycemic insulin clamp). 



variant as a proxy of the exposure. The large F statistics 
(42.6 for rsl7300539, 37.6 for rs3774261, 34.7 for rs6444175, 
and 56.7 for the allele score in age-adjusted analyses) en- 
sured that the SNPs chosen were strong instruments for 
adiponectin levels (Table 3). 

The IV-estimated effect size of adiponectin levels on 
insulin sensitivity was highly significant and consistent for 
aU instruments [p = 0.47 (95% CI 0.10-0.84) for rsl7300539, 
0.68 (0.28-1.08) for rs3774261, 0.81 (0.38-1.23) for 
rs6444175, and 0.60 (0.27-0.93) for the allele score] (Table 
3). These estimates reflect the effect of genetically influ- 
enced adiponectin levels on insulin sensitivity and are as- 
sumed to be free from confoimding. Thus, these results 
indicate that the relationship betw^een adiponectin level 
and insulin sensitivity is potentially causal. 



We then compared the IV analysis results vs^ith conven- 
tional multiple linear regression of insulin sensitivity on 
adiponectin levels. Endogeneity tests suggested that there 
was no statistical difference between the IV estimate and 
the observational estimate (Table 3). This was consistent 
for each of the individual SNP instruments and also the 
allele score, demonstrating that genetically determined 
adiponectin levels affect insulin sensitivity to the same 
degree as expected based on the observed association. In 
our secondary analyses including individuals wdth type 2 
diabetes, the results were similar to those from our main 
analyses (Supplementary Table 2). 

For some of the IVs, we still observed an association 
between the IV-estimated adiponectin and insulin sensi- 
tivity after adjustment for BMI and waist residual [(3 - 0.55 
(95% CI 0.13-0.96) for rs6444175 and 0.34 (0.03-0.65) for 
the allele score] (Table 3), although the effect sizes were 
substantially attenuated. This suggests that at least part of 
the causal beneficial effect of adiponectin levels on insulin 
sensitivity was mediated by lower adiposity as measured 
by BMI and waist circumference. All the instruments ex- 
cept for rsl7300539 were strongly associated with BMI in 
an age-a4justed model. However, none of them were as- 
sociated with BMI after adjustment for adiponectin levels 
(Supplementary Table 3). 

BMI-stratifled analysis (Supplementary Table 4) sug- 
gested that the association between increased adiponectin 
levels and higher insulin sensitivity was stronger in the 
group with higher BMI, for which the observed causal 
relationship between adiponectin and insulin sensitivity 
also persisted. However, in the group with lower BMI, as 
indicated by the wide CIs of the IV estimates and non- 
significant heterogeneity P values for most of the instru- 
ments, we did not have enough power to robustly confirm or 
refute an association owing to limited sample size. 
Estimated impact of adiponectin on insulin sensitivity. 
Depending on the IV used, the age-a(^usted effect estimate 



TABLE 2 

ADIPOQ SNPs available on the Metabochip and their associations with serum adiponectin 



Association with adiponectin 
SNP or aUele (age adjusted) 



score 


C 


Position 


Alleles* 


EAF 


Call rate 


HWEP 


P (95% CI) 


P 




LD groupt 


rs39 17086 


3 


188007420 


A/C 


0.029 


0.997 


0.621 


0.022 (-0.078 to 0.122) 


0.668 




1 


rs864265 


3 


188036986 


T/G 


0.149 


1 


0.015 


-0.055 (-0.101 to -0.009) 


0.020 






rs822387 


3 


188038731 


C/T 


0.072 


1 


0.660 


0.162 (0.099-0.224) 


4.8 X 10" 


■7 


3 


rsl73005391: 


3 


188042154 


A/G 


0.072 


1 


0.189 


0.205 (0.144-0.267) 


1.1 X 10" 


-10 


3 


rsl6861209 


3 


188045808 


A/C 


0.067 


0.968 


0.088 


0.214 (0.149-0.278) 


1.5 X 10" 


10 


3 


rsl6861210 


3 


188049192 


A/G 


0.080 


1 


0.550 


0.188 (0.128-0.248) 


1.1 X 10" 


-9 ■ 




rsl6861194 


3 


188042119 


G/A 


0.087 


1 


0.855 


-0.051 (-0.114 to 0.011) 


0.106 




4 


rs822396 


3 


188049571 


G/A 


0.173 


1 


0.475 


0.013 (-0.032 to 0.059) 


0.562 




5 


rs3774261$ 


3 


188054253 


A/G 


0.375 


0.999 


0.950 


0.109 (0.074-0.144) 


1.3 X 10" 


-9 


6 


rs6773957 


3 


188056399 


A/G 


0.375 


0.999 


0.950 


0.109 (0.074-0.144) 


1.4 X 10" 


-9 


6 


rs64441751: 


3 


188062438 


A/G 


0.291 


1 


0.438 


0.113 (0.076-0.151) 


5.3 X 10" 


■9 


6 


rs3774262 


3 


188054508 


A/G 


0.085 


1 


0.185 


0.030 (-0.030 to 0.091) 


0.327 




7 


rs9853541 


3 


188095161 


A/G 


0.378 


1 


0.121 


0.002 (-0.035 to 0.038) 


0.927 




8 


rsll708293 


3 


188096021 


G/A 


0.043 


0.999 


1.000 


-0.043 (-0.129 to 0.042) 


0.322 




9 


rsl 1716002 


3 


188096058 


G/A 


0.236 


1 


0.105 


0.011 (-0.031 to 0.052) 


0.616 




10 


rsl 7301 514 




188096103 


A/G 


0.L34 


0.999 


1.000 


0.008 f-0.043 to 0.0601 


,i),7SZ. 




,11 . 


Allele score§ 














0.404 (0.299-0.509) 


1.2 X 10" 


?I5- 





SNPs were first sorted based on physical position in the ADIPOQ gene and then aggregated by LD group. C, chromosome; EAF, effect allele 
frequency; HWE, Hardy-Weinberg equiUbrium. *The first allele is the effect allele. fLD group was assigned based on pairwise > 0.5 in the 
HapMap2 CEU panel. $SNPs selected for IV analysis. §The allele score was created using genotypes for rsl7300589 and rs8774261 (r^ = 0.137). 
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TABLES 

Comparison of IV estimated and observed association between adiponectin and insulin sensitivity 





First-stage 


IV estmiate 




Observational estimate 


Endogeneity 
Pt 


IV 


F statistic 


P (95% CI) 


P 


p (95% CI) P 


Age adjusted 








0.498 (0.420-0.576) 1.2 X 10"^^ 




rsi /oUUboy 


/IOC 


A /I TA /'A AflT A Q/tOA 

U.4(U (^U. Uy /—U.04zJ 


A A1 /t 




A CIO 


rs3774261 


37.6 


0.678 (0.278-1.077) 


9.1 X lO"-* 




0.364 


rs6444175 


34.7 


0.805 (0.381-1.228) 


2.1 X 10"* 




0.136 


Allele score* 


56.7 


0.600 (0.274-0.926) 


3.3 X 10"* 




0.528 


Age, BMI, and waist residual ac^usted 








0.275 (0.206-0.344) 1.3 X 10"" 




rsl7300539 


38.5 


0.265 (-0.079 to 0.609) 


0.131 




0.955 


IS6444175 


28.1 


0.546 (0.133-0.960) 


0.010 




0.178 





Waist residual, BMI-adjusted waist circumference. fEndogeneity was assessed by Durbin-Wu-Hausman test and reflects whether the differ- 
ence between the IV estimate and the observational estimate was statistically significant. *The allele score was created using genotypes for 
rsl7300539 and rs3774261 (r^ = 0.187). 



for genetically determined adiponectin on insulin sensitivity 
varied from 0.470 to 0.805. Based on these point estimates, 
we estimated the relationship between percent change in 
adiponectin levels and corresponding percent change in 
insulin sensitivity (Supplementary Fig. 1). For example, we 
calculated that a 10% increase in serum adiponectin level 
would lead to an improvement of insulin sensitivity ranging 
between 4.6 and 8.0%. Similarly, excluding the mediation 
through obesity, the percent increase in insulin sensitivity 
associated with a 10% elevation in adiponectin level was 
estimated to be between 2.6 and 5.3%. However, owing to 
the large CIs for the IV estimates, these numbers should be 
interpreted with caution. 



DISCUSSION 

In a population-based cohort study of men aged 71 years 
assessed with gold-standard measures of insulin sensitiv- 
ity, for the first time we provide evidence of a causal effect 
of increased adiponectin levels on improved insulin sen- 
sitivity in humans using a Mendelian randomization ap- 
proach with ADIPOQ SNPs as instruments. 

The ADIPOQ gene, which encodes for adiponectin, has 
been widely investigated for variants associated with adi- 
ponectin levels. The ADIPOQ SNPs available in our study 
belonged to the two previously identified LD blocks (21), 
and the ones selected as IVs have been repeatedly re- 
ported for their association with adiponectin in individuals 
of European descent (14,15,22-25) (Supplementary Table 
5). This confirms that the SNPs we selected are robust 
instruments for adiponectin levels in European populations. 

Studies of the relationship between ADIPOQ and insulin 
sensitivity in candidate gene studies have been less con- 
sistent (26). The 3q27 region in which tiie ADIPOQ gene is 
located was reported for its linkage signal with seven 
metabolic traits and was suggested for an association with 
obesity and insulin sensitivity (27). In a genome-wide 
linkage and association study of adiponectin, the two in- 
strument SNPs in our study, rs6773957 and rs3774261, 
were identified as top hits, but neither was significantly 
associated with fasting insulin, fasting glucose, or other 
metabolic parameters (16). Richards et al. (25) also 
reported no significant associations for four other SNPs at 
the ADIPOQ locus with the homeostasis model assessment 
index of insulin resistance (HOMA-IR). Similarly, Warren 
et al. (24) did not find an association between seven 

diabetes.diabeteEEjoumals.org 



independent SNPs at ADIPOQ, including rs3774261, and 
metabolic traits such as fasting glucose, fasting insulin, 
and HOMA-IR. In a recent large study, Dastani et al. (28) 
demonstrated that several individual SNPs that were sig- 
nificant in their genome-wide association studies of adipo- 
nectin levels, including a few ADIPOQ SNPs, were 
associated with type 2 diabetes and related traits. Further- 
more, they found a multi-SNP genotypic risk score based on 
the identified hits to be strongly associated with metabolic 
traits related to insulin resistance. Therefore, even though 
ADIPOQ has been established as a major determinant of 
adiponectin levels, its associations with measures of insulin 
sensitivity have not been consistent, which may have been 
due to lack of statistical power to detect this indirect effect 
Of note, prior studies have not assessed associations of 
ADIPOQ variants and insulin sensitivity measured with in- 
travenous methods in a larger study sample. 

The impact of ADIPOQ variants on adiposity has not 
been conclusive. The SNPs rs2241766 and rsl501299 have 
been associated with obesity in Swedish individuals (29). 
In the Finnish Diabetes Prevention Study, a few ADIPOQ 
SNPs were associated with baseline and 4-year follow-up 
measurements of body weight as well as BMI (30). How- 
ever, no consistent effect on BMI was demonstrated for 
SNPs in the ADIPOQ locus in a previous meta-analysis of 
published candidate gene studies on ADIPOQ (31). Our 
observation that the ADIPOQ SNPs selected as IVs were 
not associated with measures of adiposity after a4justment 
for adiponectin levels indicates that the instruments do not 
have a pleiotropic effect that would otherwise violate the 
assumptions of Mendelian randomization. Moreover, it 
indicates that differences in adiposity for carriers of dif- 
ferent ADIPOQ alleles could be mediated through adipo- 
nectin levels. 

The role of adiposity in the relationship between adi- 
ponectin and insulin sensitivity is debatable. The degree of 
adiposity is associated with both adiponectin levels and 
insulin sensitivity (2,3,7) and thus could be a confounder 
for the adiponectin-insulin sensitivity relationship. If this is 
the case, adjustment for adiposity by including BMI and 
waist residuals into the regression model should not affect 
the association between ADIPOQ and insulin sensitivity 
level because imder independent assortment ADIPOQ 
genotypes should not be associated with adiposity. This 
could occur if ADIPOQ SNPs cosegregate with other ge- 
netic determinants of adiposity, but no such gene variants 
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in LD with the ADIPOQ variants are known to date. In this 
study, what we observed were attenuated associations of 
the SNPs and insulin sensitivity with adjustment for adi- 
posity (Supplementary Table 1), which does not support 
a role of adiposity as a confounder for the adiponectin- 
insulin sensitivity relationship. Instead, it impUes that ad- 
iposity partly mediates the effect of adiponectin on insulin 
sensitivity, as illustrated in Fig. 1. This is supported by 
previous studies showing a positive correlation between 
adiponectin levels and clamp-measured insulin sensitivity 
independent of BMI (32) and that administration of 
recombinant adiponectin increases insulin sensitivity in 
both lipotrophic and obese mice (5). As proposed by 
Kadowaki et al. (33), obesity caused by environmental risk 
factors could interact with genetic factors leading to re- 
duced adiponectin levels, which in turn plays a crucial 
causal role in the development of insulin resistance, type 2 
diabetes, and metaboUc disease. Our results suggest that 
this causal effect on insulin sensitivity is modulated par- 
tially through adiposity, which may work by antagonizing 
the secretion of proinflammatory cytokines, such as tumor 
necrosis factor-a and interleukin-6 (34). 

It is possible that at increased levels of adiposity, 
adiponectin plays a more important causal role in the regu- 
lation of insulin sensitivily compared with that in normal- 
weight individuals. There is a possibility that an interaction 
exists between adiposity and the ADIPOQ SNPs, wherein 
transcription factors that may be upregulated by, for ex- 
ample, inflammatory mediators, could have differential 
binding and thus different effects. In this case, the adiposity- 
adjusted IV estimates that represent causal effects not me- 
diated by adiposity may be prone to less accuracy. Given the 
modest sample size when stratifying on median BMI, our 
study is not suitable for examining these issues, but further 
studies on the interrelationship between axiiposity, adipo- 
nectin, and insulin sensitivity are warranted. 

Cook and Semple (10) reviewed the evidence of cau- 
sality in the relationship between adiponectin and insulin 
resistance and concluded that existing evidence indicated 
that adiponectin can improve insulin sensitivity in mice. 
For instance, intraperitoneal injection of adiponectin en- 
hanced insulin action by suppressing hepatic glucose 
production and decreasing serum glucose levels (4). Fur- 
ther evidence came from studies on rhesus monkeys 
where the decrease of adiponectin levels was in parallel 
with the development of insulin resistance (35). However, 
hyperinsulinemia seemed to suppress adiponectin in both 
mice and humans suggesting that low adiponectin levels 
may also be a consequence of insulin resistance (10). Our 
results using a Mendelian randomization approach support 
the hypothesis that adiponectin levels are causally related 
to the degree of insulin sensitivity in humans. 

Adiponectin has been suggested to be a stronger marker 
for insulin resistance and risk of type 2 diabetes than for 
cardiovascular disease (8,36). Hypoadiponectinemia was 
also more closely associated with the degree of insulin 
resistance and hyperinsulinemia than with adiposity and 
glycemia in several studies (3,37). In line with this, results 
from oiu" study indicate that genetically determined adi- 
ponectin levels influence insulin sensitivity and that this 
effect is not fully mediated by adiposity, reflecting that 
there may be pathways between adiponectin and insulin 
sensitivity that do not act through adiposity. Together with 
findings that adiponectin shares genetic backgrounds with 
insulin resistance-related metabolic traits (7,28), emerging 
evidence is pointing toward an important role of adiponectin, 
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independent of adiposity, in the development of insulin re- 
sistance and type 2 diabetes. 

We acknowledge that our research question is novel and 
that there are no previous studies with which our results 
can be compared. Despite the fact that this is a single 
study with a relatively modest sample size, our results are 
unlikely to represent chance findings for the following 
reasons: First, the ULSAM cohort is the largest single- 
center population-based cohort in the world with insulin 
sensitivity measured by the euglycemic insulin clamp 
technique. Compared with indirect measurements and 
surrogate indices, this method directly measures whole- 
body glucose disposal at a given level of insulinemia under 
steady-state conditions and is therefore regarded as the 
gold standard for measuring insulin resistance (38). Sec- 
ond, ADIPOQ is the most established gene influencing 
adiponectin levels, and the SNPs chosen as IVs were ro- 
bustly associated with adiponectin levels. Genetic varia- 
tion in ADIPOQ affects adiponectin production and is not 
known to affect insulin sensitivity in other ways. There- 
fore, by focusing on ADIPOQ, concerns over potential 
pleiotropic effects of the instrument could largely be 
eliminated. Third, the study was undertaken in a homoge- 
neous, age-standardized sample of men aged 71 years from 
Uppsala in Sweden, and therefore population stratification 
that could violate assumptions of Mendelian randomiza- 
tion is unlikely. 

Limitations of our study include the relatively small 
sample size. However, this was partially compensated by 
the accurate euglycemic insulin clamp measurement of 
insulin resistance that increased statistical power. Further, 
as our study was based on elderly men of Northern 
European descent, the generalizability to women, other 
age-groups, and other ethnicities is unknown. It is of note 
that a recent large cohort study of elderly adults demon- 
strated a nonlinear relationship between adiponectin and 
risk of incident diabetes (39). In our study, the association 
between adiponectin and insulin sensitivity measured by 
the euglycemic clamp was deemed to be linear, except at 
very high levels of adiponectin, where there may be 
a slight deviation from linearity. It is plausible that the 
previously observed nonlinear relationship between adi- 
ponectin levels and new-onset diabetes characterized by 
leveled-off associations at high levels of adiponectin is 
a result of insufficient enhancement of (3-cell function, 
despite increased insulin sensitivity. Potential deviation 
from linearity may affect the accuracy of the effect esti- 
mates in a Mendelian randomization study, but a linear 
model is still soimd in this case to test the null hypothesis 
of no effect of exposure on outcome (11). 

In summary, our results indicate that genetically de- 
termined adiponectin levels influence insulin sensitivity to 
the same degree as the observed epidemiological associ- 
ations. This suggests that the association between adipo- 
nectin levels and insulin sensitivity is likely to represent 
a causal relationship. Further elucidation of this relation- 
ship could provide insights into the physiological roles of 
adiponectin in the etiology of insulin resistance and shed 
light on the therapeutic potential of adiponectin for the 
metabolic syndrome and type 2 diabetes. 
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